This paper reports a complex "four-way" shape memory effect of a compositionally graded NiTi thin plate. The composition gradient is created by surface diffusion of Ni into the plate. After a 15% tensile deformation pre-treatment, the compositionally graded plate exhibits a complex and novel four-way shape memory effect in bending mode, by which the metal exhibits a back-and-forth shape change upon a single heating or cooling, thus displaying four shape changes over one complete thermal cycle. Such behavior, which is analogous to a "fishtail-like" motion, results from the sequential transformation through the thickness of the thin plate as dictated by the Ni content gradient of the alloy. Such "four-way" shape memory effect has not been achieved in NiTi alloys before.
This paper reports on a new "four-way" shape memory effect, by which the metal exhibits a back-and-forth shape change upon a single heating or cooling, thus displaying four shape changes over one complete thermal cycle. Such behavior, which is analogous to a fishtail-like motion, is achieved in a functionally graded NiTi plate. In this behaviour, the thin NiTi plate bends forth and then back subsequently in two directions upon one cooling or heating, thus exhibits a unique "four-way" memory effect over a full cooling-heating cycle without the assistance of any external stress. Such behaviour, which has not been reported in the literature, enriches the functionality of shape memory alloys.
Automatic reversible shape change, conventionally known as "two-way shape memory effect" (TWSME), originates from the phase transformation between the low temperature martensite phase and high temperature austenite phase [1, 2] . It is an essential property for self-actuated shape memory devices, where cyclic actuation under temperature-controlled mechanism is involved, e.g., the microwrapper [3] and biomimic robotic hands [4] . A TWSME component is more advantageous in design than using a bias spring [5, 6] for shape re-setting after each action, by being simple and more adaptable to miniature designs and complex motions.
The TWSME of NiTi alloy is usually developed through certain thermomechanical treatments, known as training. Typical training schemes are repeated cycles in pseudoelastic deformation [7] thermal transformation under constant stress [8] [9] [10] or combinations of temperature variation and deformation [11] . It is commonly accepted that the TWSME originates from the anisotropic dislocation structures developed in the austenite matrix during the prior training process. The anisotropic internal stress fields associated with such oriented dislocations induce the formation of preferentially oriented martensite variants during subsequent thermal transformation cycles [7] [8] [9] [10] [11] [12] [13] . Simple deformation via martensite reorientation or stress-induced martensite transformation of NiTi to well beyond the stress plateau has also proven to be effective in developing TWSME [14] [15] [16] [17] . For Ni-rich alloys, constrained aging is also able to develop TWSME, commonly known as "all-round" shape memory effect [18] [19] [20] [21] . In this work we developed a new form of "all-round" shape memory effect featuring a novel "four-way" memory cycle using a functionally graded NiTi thin plate.
A commercial Ti-50.07 at.% Ni thin plate strips of 40×5×0.22 mm in dimension was used in this study. The strips were annealed at 1123 K for 3.6 ks in vacuum. A Ni thin film of ~500 nm in thickness was deposited by means of DC magnetron sputtering under argon protection. The coated NiTi strips were then annealed at 1223 K in vacuum for 10.8 ks to encourage diffusion of the Ni into the NiTi plate [22] . The inset in Figure 1 (a) shows schematic of the Ni content distribution though the thickness of the plate samples before and after diffusion annealing. The actual distribution of Ni content through the thickness after the diffusion anneal was determined by x-ray energy dispersive spectrometry (EDS) analysis, which is shown in Figure 1 (b). It is seen that the anneal created a compositional gradient from 50.5 to 50.00 at.% Ni through the thickness of the plate. The strip samples were deformed in tension to various strains using an Instron 4301 universal testing machine at a strain rate of 8.33 × 10 -5 s -1 at room temperature (300 K), with a 20 mm gauge length. The samples were cooled in liquid nitrogen prior to deformation to maximise the volume fraction of martensite structure at the tensile test temperature (room temperature). Prior to tensile testing, the strip samples contained both austenite and martensite with the austenite portion existing on the Ni-rich side and the martensite portion on the back side. Figure 1 (a) shows the tensile stress-strain curves of four samples deformed to 6.5%, 10%, 12.5% and 15% tensile strains, labelled as sample I, II, III and IV, respectively. The deformation over the transformation plateau occurred in a mixed mode of martensite variant reorientation in the region close to the back side and stress-induced transformation in the region close to the Ni-rich side, at ~160 MPa of stress and to ~6% of strain. After unloading, all four samples showed a slight bend towards the Ni-rich side. This is because that the Nirich side was in austenitic state with a martensitic transformation temperature well below the room temperature, thus upon unloading this part experienced some pseudoelastic recovery through the reverse martensitic transformation. Consequently, the Ni-rich side surface contracted for a small amount while the back side remained the same length following unloading, thus forming a curvature towards the Ni-rich side.
After deformation, the NiTi strips were subjected to heating and cooling cycles in hot water and chilled ethanol baths and the shape changes of the strip samples were recorded using a digital camera. The curvature of the bent shapes of the strips was determined from the recorded images using Image J (NIH freeware), defined as Upon the first heating, all four samples showed "bell-shaped" κ-T curves, i.e., increasing and then decreasing in curvature with increasing temperature. The increase of the curvature is due to the occurrence of the reverse transformation (contraction) first on the Ni-rich side, where the transformation temperature is the lowest [23] . With the propagation of the reverse transformation through the thickness from the Ni-rich side to the back side upon further heating, the region near the back side started to transform which also resulted in the shortening of sample length, causing reverse bending (curving) of the strip sample. Due to the greater amount of contraction on the back side comparing to the Ni-rich side, the curvature flipped to the opposite side eventually. Shape change upon the second heating is the two-way memory effect. It is seen that upon the second heating, samples I and II showed a monotonic curvature decrease. This is indicative that the samples strips have developed two-way memory effect only on the back side, thus the samples bent only in the negative direction upon cooling and heating. These two samples had been deformed to lower levels of pre-deformation, which is apparently insufficient to induce effective two-way effect in the Ni-rich side of the strips. In comparison, samples III and IV showed the reversible "bell-shaped" recovery. This demonstrates that the samples have developed two-way memory effect throughout the thickness, in both the back side and the Ni- A . This is due to the deformation induced martensite stabilisation effect [14, 17, 24, 25] .
The effect of pre-strain on the maximum curvature achieved on the first heating ( max increased continuously with increasing pre-strain, reaching a maximum tw η = 81% at 15% pre-strain. This value is comparable to results achieved by conventional training [12] [13] [14] [15] . Figure 3 shows collections of optical images of samples IV during the 20th heating/cooling thermal cycle after the tensile deformation to 15%. Each illustration is a montage of separate optical images of the same plate sample upon heating to different temperatures, constructed using Photoshop©. The images show the edge of the thin plate. For all the images, the Ni rich side is to the right, as indicated by the arrow. Illustrations C(1) and C(2) are for cooling from 315 K to 283 K and from 276 K to 223 K, respectively. It is seen that the sample started with a slight negative curvature, bending towards the Ni-rich side upon cooling to a maximum curvature and then backwards to a slightly positive curvature with further cooling to the end. Similarly, illustrations H(1) and H(2) are for heating from 251 K to 308 K and from 308 K to 345 K, respectively. Figure 1 ) demonstrate that complex two-way memory effect in bending can be easily introduced by simple tensile deformation, thanks to the composition gradient in the plate, and that the extent of the bending can be easily tailored by controlling the level of pre-strain of the tensile deformation. The complex bending-unbending shape evolution of the compositionally graded NiTi thin plate resembles a "fishtail-like" motion. Such behaviour is unique. No similar observation has been reported in the literature. The only similar shape memory motion reported is from a complex design of multilayer phase-coupled SMA thin film composite involving TiNiCu, TiNiHf and Mo [5] . Other observations of two-way memory effect in bending mode all involve monotonic shape changes in each heating or cooling direction. This is achieved by constrained aging (constrained in bending) of Ni-rich NiTi thin plates [21, 26, 27] , which induces formation of lenticular Ti3Ni4 precipitates in perpendicular orientations on the compressed and elongated sides of the bent plate. Similar results are also achieved for NiTi thin films by the same technique of constrained ageing [18, 20] . Lehnert et al. reported an interesting work on Ni/Ti multilayer thin films, which are converted into NiTi alloy films by diffusion anneal [19] . In this work they proposed the concept of creating composition gradient in thickness of the film by controlling the relative thicknesses of the Ni and Ti layers during film deposition. In this work they reported the spontaneous (monotonic) two-way memory effect as a rare observation among their multilayer NiTi thin films, and attributed the effect to intrinsic internal stresses. Considering all these, it is seen that such a complex, "4way" spontaneous shape memory effect in a "fishtail-like" motion in bending has not been achieved so far in monolithic NiTi materials. Coupled with the wide temperature window for the shape change, typically ~70 K, it offers new opportunities for innovative designs with
